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Bingcheng Si, Ning Yao, and Yi Li*
Soil water repellency (SWR) is a widespread property in soils around the world. 
It influences soil water movement and causes unstable flow. The mechanics of 
finger flow occurrence in water-repellent soils are not clearly understood. Slab 
chamber infiltration experiments consisting of increasing SWR persistence in clay 
and sandy loam soils were conducted to compare wetting front advancement and 
mechanics of finger flow development. The temporal variation curves of cumula-
tive infiltration (CI) decreased with an increase in SWR persistence. For wettable 
soils, the wetting front advanced regularly with time, but for water-repellent soils, 
it became unstable and finger flow occurred as the SWR persistence increased. 
Water movement in soils with higher SWR persistence tended to be more 
unstable. Water repellency contributed to finger flow development, especially 
for sandy loam. There were strong correlations among CI, finger length, and the 
cumulative wetting area. In the strongly, severely, and extremely water-repellent 
sandy loam soils, the power function relationship fit better than the linear func-
tion. The average soil water content decreased with a higher SWR persistence, 
which meant that less water was available in the profile. Finger flow development 
was related to the more severe water-repellent conditions and tended to be more 
easily formed in the water-repellent sandy loam soils than the clay loam soils due 
to the faster infiltration rate.
Abbreviations: DCDMS, dichlorodimethylsilane; SWR, soil water repellency; WDPT, water droplet pen-
etration time.
Soil water repellency (SWR) is a phenomenon describing a delayed or reduced infil-
tration of water into soil (Dekker and Ritsema, 1994). It is a ubiquitous property and can 
be found in different regions of the world in all types of climates (DeBano, 1981; Li et al., 
2017). Soil water repellency alters hydrological and geomorphological processes; affects 
spatiotemporal dynamics of soil water movement by generating unstable and preferential 
flow, which accelerates the transport of water and solutes; and increases the groundwater 
contamination risk and loss of crop yield (Dekker and Ritsema, 1994; Ganz et al., 2013b). 
Many studies have highlighted that SWR is a concern in soils for efficient water utilization 
(DeBano, 1981; Dekker and Ritsema, 1994; Li et al., 2017). Urbanek and Doerr (2017) 
suggested that spatial variability in SWR and associated soil moisture distribution needs to 
be considered when evaluating the effects of SWR on soil carbon dynamics under current 
and predicted future climatic conditions. Zheng et al. (2017) analyzed SWR influences 
on the hydrological response of natural and man-made slopes at angles of 20 and 40°, and 
relative compactions of 70 and 90%. They concluded that an increase in SWR reduced 
infiltration, shortened runoff generation time, and amplified high rainfall intensity.
Finger flow is a dominant form of preferential flow. The initially planar wetting front 
breaks up into wetting columns, called preferential flow paths or fingers (de Rooij, 2000). 
Finger flow has an irregular and special wetting front shape through which water moves 
nonuniformly as fingers (Rezanezhad et al., 2006). Subsequently, infiltration and the soil 
water distribution are affected. It can occur either in structured or homogeneous soils 
(Ritsema et al., 1997). Finger flow formation can be driven by heterogeneity or instability. 
Core Ideas
•	 The cumulative infiltration 
decreased with increasing soil water 
repellency.
•	 Soil water movement in higher 
water-repellent levels tended to be 
more unstable.
•	 Finger flow occurred preferentially 
in the coarser, more water-repellent 
soils.
•	 Strong correlations of cumulative 
infiltration and cumulative wetting 
area were shown.
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The former type of fingers generally occurs in clay and peat soils 
with well-defined macropore or mesopore networks. Although 
instability-driven fingers have been found in water-repellent soils 
(Ritsema and Dekker, 1994, 2000; Bauters et al., 1998; Carrillo 
et al., 2000a). There are many factors that induce finger-like 
pathways, including hysteresis (Ritsema et al., 1998), SWR, soil 
structure, different head pressures on the soil surface from a point 
source water application (Wallach and Jortzick, 2008), and so 
on. For the research related to the influence of SWR on finger 
f low development, Ritsema and Dekker (1994) found that fin-
gers preferred to form in the places where the top layer had the 
lowest degree of potential SWR. Carrillo et al. (2000a) conducted 
laboratory infiltration experiments with different water entry pres-
sures in the top layer. They found that with the increase in water 
droplet penetration time (WDPT) (DeBano, 1981), the tendency 
for finger formation also increased. Wallach and Jortzick (2008) 
observed finger-like wetting fronts during point-source infiltration 
in the wettable and water-repellent sands, and they found that the 
horizontal wetting front in water-repellent soils did not obey the 
horizontal capillary-dependent flow theory. Ganz et al. (2013a) 
concluded that the wettability characteristics in a sandy soil with 
low SWR might be relevant for assessing infiltration dynamics at 
other sites.
Along the profiles, persistent SWR was responsible for a 
conical plume geometry (Ganz et al., 2013b). Wang et al. (2003) 
showed that the variability in infiltration rate in layered water-
repellent soils was contrary to wettable homogeneous soils. Li et 
al. (2018) found that the SWR persistence of a silt loam layer had 
a greater effect on infiltration than the layer position. Sepehrnia et 
al. (2017) concluded that SWR affected moisture distribution and 
resulted in the upper layer (0–40 cm) of water-repellent soil being 
considerably drier than wettable soil. Rye and Smettem (2017) 
found that SWR increased the maximum pathway depth of water 
movement due to finger flow.
Although previous research has explained the generation of 
preferential flow in water-repellent soils, there are difficulties in 
understanding finger flow patterns in water-repellent soils. For 
example, few studies have quantified the finger f low patterns 
in water-repellent soils. Some SWR-related questions remained 
unclear (e.g., how has the soil texture changed how the infiltration 
rate (i) and cumulative infiltration (CI) vary, and what is the quan-
titative relationship between wetting front distances and wetting 
area in such soils). These questions still have 
not been answered because of the complex-
ity of interactions between the soil water 
movement and SWR. Our objectives are (i) 
to analyze different infiltration parameters 
and their quantitative connections and to 
investigate the infiltration feature differ-
ences for two homogeneous water-repellent 
soils; (ii) to reveal the effects of SWR on 
soil water movement when unstable f low 
has occurred; and (iii) to generalize two 
soil textures of clay loam and sandy loam, SWR persistence con-
ditions, and mechanics that cause finger f low development in 
homogeneous WR soils. To achieve these aims, water infiltration 
experiments were performed in a clay loam and sandy loam soil 
with increasing SWR persistence. The finger flow (if it occurs) and 
infiltration parameters including CI, i, finger length (FL), width 
of half finger (FWh), wetting front velocity (Fv), and volumetric 
soil water content (qv) were quantified and compared with increas-
ing SWR persistence. The findings of this study will improve the 
conceptual understanding of finger flow development in water-
repellent soils.
 6Materials and Methods
Soils
Soil samples from two types were collected from the top 0- to 
30-cm depth of a corn (Zea mays L.) field and Wei riversides in 
Yangling, Shaanxi, China. After the removal of crop residues and 
passing the samples through a 2-mm-diam. sieve, the soils were air 
dried for the laboratory soil chamber experiments. The particle 
contents were measured using a laser diffractometry (long bench 
Mastersizer 2000, Malvern Instruments). Soil textures were classi-
fied according to the International Classification System (Table 1). 
The gravimetric soil water content (qg) was measured using the 
oven-drying method. The soil samples were put into an oven at 
105°C for 10 h.
The WDPT test was used to measure SWR persistence 
(Dekker and Jungerius, 1990). Water droplets (0.05 mL) were 
placed onto the soil surface and were recorded until the water 
infiltrated into soils. For each sample, the average WDPT value 
of eight replicate water droplets was used for its persistence. Soils 
with WDPT <5 s are wettable (DeBano, 1981). The scale used 
to classify WDPT values ranges from 6 to 59 s for slightly water 
repellent, 60 to 599 s for strongly water repellent, 600 to 3600 
s for severely water repellent, and >3600 s for extremely water 
repellent (Bisdom et al., 1993). The average WDPT values of 
eight replicates were used to determine the initial WDPT of the 
two air-dried soils (Table 1). The two types of soils collected were 
initially wettable.
Dichlorodimethylsilane (DCDMS), a transparent oil-like 
liquid, can encapsulate soil particles. It is a common and effective 
chemical that reacts with water and produces polydimethylsiloxane 
Table 1. Physical properties† of the sampled wettable soils.
Soil Clay Silt Sand qr qs Ks BD WDPTi
——
—————— % 
——————
——————  cm cm−3 
——————
cm min−1 g cm−3 s
Clay loam 18 42 40 2.50 ´ 10−2 0.46 6 ´ 10−4 1.4 1.5 ± 0.3
Sandy loam 7 23 70 3 ´ 10−3 0.36 5.40 ´ 10−2 1.7 0.5 ± 1.2
† qr, air-dried soil water content; qs, saturated soil water content; Ks, saturated hydraulic conductivity; BD, 
bulk density; WDPTi, water droplet penetration time of non-dichlorodimethylsilane-treated soil samples. 
The range of particle diameters for clay, silt, and sand are <0.002, 0.002 to 0.02, and 0.02 to 2 mm, respec-
tively, following the International Classification System.
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and HCl (Goebel et al., 2007) and forms a relatively stable hydro-
phobic layer outside of the soil particles and creates stable and 
persistent water-repellent soils (Bachmann and van der Ploeg, 
2002). The DCDMS was added to the prepared wettable clay loam 
and sandy loam gradually. After saturation with distilled water, the 
soils were mixed uniformly. Then, the soils were air dried and left 
to reach equilibrium to achieve stable and persistent SWR. For 
the DCDMS application amounts, the tested WDPT (WDPTP) 
and the contact angle (w) values using average of eight replications 
(following Bachmann and van der Ploeg, 2002) of the prepared 
water-repellent clay loam and sandy loam soils are given in Table 
2. The different SWR persistence treatments of chamber infiltra-
tion experiments and the representing names of all treatments are 
also given in Table 2.
Cuboid soil chambers, made of transparent Plexiglas, were 
used for the observations during the infiltration. The chambers 
had a wall thickness of 0.8 cm and a volume of 60 ´ 45 ´ 5 cm. 
To avoid water leakage, Vaseline was applied on each edge and 
connecting points. The air-dried wettable and water-repellent 
soils were packed into the container to 55-cm depth with the 
bulk density listed in Table 1. Then, the containers were left for a 
24-h soil-settling period. Two soil groups of clay loam and sandy 
loam (abbreviated as CL and SL in treatment names, respectively), 
which had a changing SWR persistence, were termed as WET, 
WR1, WR2, WR3, and WR4 corresponding to wettable, slightly 
water repellent, strongly water repellent, severely water repellent, 
and extremely water repellent, respectively. For example, SLWR1 
means the treatment of slightly water-repellent sandy loam. A total 
of 10 treatments were designed (Table 2). Three replications were 
conducted for each treatment.
Infiltration Experiment
A total of 30 ponded infiltration experiments for the 10 treat-
ments were conducted (Fig. 1). A Mariotte bottle with distilled 
water was connected to the soil chamber to maintain a constant 
water depth of 2 cm on the soil surface, which was padded with 
filter papers to prevent water scouring and soil splashing.
The wetting processes during infiltration were traced using 
Brilliant Blue FCF dye with a concentration of 20 g m−3 in dis-
tilled water. At this concentration, soil water movement was 
affected minimally and the wetting fronts were observed clearly. 
Cumulative infiltration (CI) was measured by the water table 
changes from the Mariotte bottle at different times. The advances 
of wetting front were marked on the container walls for different 
infiltration stages. To avoid the influences of the lower boundary, 
the experiments were stopped when the wetting front reached 45 
cm. When the infiltration terminated, one of the chamber walls 
was loosened and soil samples were taken one after another as soon 
as possible to measure qg using the oven-drying method. Soil sam-
ples of the wetting zones were taken at a 5-cm by 5-cm grid interval 
along the soil chamber wall, and qv was determined by multiplying 
by the bulk density.
Data Analysis
Different finger flow properties were obtained based on the 
measurement, including CI, wetting front, cumulative wetting 
Table 2. The basic properties of the prepared water-repellent soils.
DCDMS† 
application WDPTP‡
Soil water repellency 
persistence w§ Treatment
g kg−1 s °
Clay loam
0 0.65 ± 0.09 wettable 0 CLWET
16.2 40.6 ± 13.4 slightly water repellent 105 ± 2.5 CLWR1
24.3 83.2 ± 21.1 strongly water repellent 116 ± 9.1 CLWR2
48.6 1854 ± 262 severely water repellent 129 ± 8.3 CLWR3
64.8 4308 ± 521 extremely water repellent 138 ± 10.2 CLWR4
Sandy loam
0 0.18 ± 0.10 wettable 0 SLWET
24.3 27.8 ± 5.80 slightly water repellent 99 ± 2.6 SLWR1
32.4 312 ± 88.3 strongly water repellent 108 ± 3.8 SLWR2
64.8 1009 ± 111 severely water repellent 112 ± 12.3 SLWR3
72.9 4008 ± 120 extremely water repellent 117 ± 8.8 SLWR4
† DCDMS, dichlorodimethylsilane.
‡ WDPTP, water droplet penetration time for DCDMS-treated soils.
§ w, contact angle.
Fig. 1. The experimental equipment and sketch 
of finger flow. O is the origin of the coordinate 
system, X is the horizontal axis, and Z is the ver-
tical axis.
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area (WA, cm2), FL (i.e., the length from finger bottom to finger 
top, cm), FWh (cm), and finger front velocity Fv (i.e., finger top 
movement distance in unit time, cm s−1)
The shape index (SI) and distributing index (DI) were calcu-
lated by FL and FWh (Zhang, 2004):
L
h
SI
FW
F=  [1]
L, L
1
1
DI
N
k
k
F F
N =
= -å  [2]
where FL,k is FL of the kth finger (k = 1, 2, …, N), N is the total 
number of fingers, and LF  is the average value of FL.
The variability extents of SI and DI were quantified with the 
CV, calculated with the following equation (Nielsen and Bouma, 
1985):
CV x=s   [3]
where s is the SE and x  is the average of x series. The ranges of 
CV £ 0.1, 0.1 < CV < 1.0, and CV ³ 1.0 were classified as weak, 
moderate, or strong variability.
Considering strong variability and randomness of finger flow, 
three replicates for the 10 treatments were conducted. The occur-
rence of finger flow and its movement was very random. In our 
experiments, only the three replications of the CLWET, SLWET, 
and CLWR treatments had similar wetting fronts. When com-
paring CI, i, and WA, much smaller variability was observed. 
Considering the random nature of preferential flow, these differ-
ences cannot be masked by adding replications. The differences 
of wetting front and soil moisture among the three replications 
may also partially due to water-repellent soils being configured by 
adding certain amounts of DCDMS. Still, three replications can 
generally describe the finger development characteristics.
SigmaPlot 12.5 (Systat Software, 2013) was used to plot the 
figures. The contour maps of qv were completed in the Surfer 
11.0 software (Li et al., 2013). Excel 2007 was used to calculate 
finger flow indices. SPSS 17.0 (SPSS, 2008) was used for statisti-
cal analysis.
 6Results and Discussion
Cumulative Infiltration
The variations in CI and i vs. time for the 10 water-repellent 
soil treatments are illustrated in Fig. 2 (with error bars generated 
from the three replications). Figure 2 shows that the CI curves 
generally decreased with the increasing of SWR persistence for 
both clay loam and sandy loam soils. At the same level of SWR per-
sistence, CI and i differed for both clay loam and sandy loam soils; 
however, soil with finer texture showed a slower water infiltration 
as expected. Soils with coarser textures have larger pore diameters, 
resulting in the larger i values. The initial values of i decreased with 
the increasing SWR persistence. The influence of texture on infil-
tration was observed and was also indicated by other research. For 
example, Li et al. (2018) reported that CI and i values were larger 
in wettable sand than in the silt loam, and a larger i was observed in 
the silt loam overlying sand conditions than in the sand overlying 
silt loam layered conditions, as the SWR persistence varied. In the 
clay loam soil, i decreased with time during the entire infiltration 
and reached a steady i after 120 min (Li et al., 2018). Figure 2 also 
shows that the i values decreased with the increase of the SWR 
persistence. However, the i vs. time curves of treatments SLWR1, 
SLWR2, SLWR3 and SLWR4 increased with time. The i vs. time 
curve increase followed a decreasing order with the increasing 
SWR persistence. Different from the other four treatments, only 
the wettable sandy loam treatment SLWET had a fast decrease 
in the i vs. time curve. Instability and finger flow occurred in the 
treatments of SLWR1, SLWR2, SLWR3, and SLWR4, which may 
lead to unexpected fast water movement in some unknown paths.
Song et al. (2014) named the increase of i during longer infil-
tration in water-repellent soils as “rewettability.” They compared 
the effects of six wetting agents on sand rewettability. They found 
that the i increase at the later time during the infiltration process, 
which was characteristic of water-repellent soils. Wang et al. (2003) 
also found a gradually increased infiltration rate or rewettability in 
infiltration of water-repellent soils. Deurer and Bachmann (2007) 
reported rewettability along a transect at the top of the root zone. 
They concluded that the more persistent the SWR, the smaller 
the increase of i into the root zone. Robichaud et al. (2016) inves-
tigated infiltration rates of wildfire-induced ash cap soils, which 
were water repellent 0, 1, 2, and 5 yr after fire. From their results, i 
decreased rapidly within the initial 5 min for all of the treatments. 
It was stable or showed slight rewettability for the treatments 1 
and 2 yr after fire. Carrillo et al. (2000b) showed that the water 
i increased with time and then plateaued, which agreed partially 
with our results for rewettability occurrence in sandy loam, imply-
ing a breakthrough of SWR when infiltration lasted longer.
Wetting Front Variations
The wetting front advances and finger f low development 
for the three replications of 10 treatments for both clay loam 
and sandy loam are illustrated in Fig. 3. In treatments CLWET, 
SLWET, and CLWR1, soil water movement was close to being 
homogeneous and the three replications were generally consistent. 
With increasing SWR persistence, wetting fronts became increas-
ingly unstable and irregular.
In treatments SLWET, CLWR1, and CLWR2, no obvious 
finger was developed but the wetting fronts were not as uniform 
with that of the wettable clay loam as time increased. For treatments 
CLWR3, (one replication of) CLWR4, and SLWR1, discontinuous 
wetting fronts were observed, water flowed through preferential flow 
paths, and wetting fronts became unstable. For (three replications 
of) CLWR4, SLWR2, SLWR3, and SLWR4, fingers formed at 
infiltration times of 110 to 156, 17 to 19, 20 to 24, and 22 to 56 min, 
respectively. Therefore, water repellency extended the time for finger 
flow to occur depending on both SWR persistence and soil texture. 
Therefore, fingers were discontinuous or connected with invisible 
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unknown paths. Unstable flow occurred for both soil textures, but 
fingers developed much faster and at higher SWR persistence for 
the sandy loam soils, which meant that SWR may cause finger 
flow development but decreases the infiltration rate. In addition, 
finger number and finger interval differed for three replications of 
the same treatment, showing certain variability and randomness of 
finger flow. Nevertheless, wetting front is a rather apparent index 
compared with CI.
Kramers et al. (2005) found that the size of the preferen-
tial f low in the soil profile depends on several factors such as 
the weather history, the soil textural heterogeneity, the spatial 
distribution of SWR, and the interaction between these factors. 
Carrillo et al. (2000a) conducted experiments in a specially 
built rectangular chamber on water-repellent sand layers that 
had WDPT values of 1, 10, and 150 min. The authors stated 
that the formation of finger water f low was related to WDPT 
of the layer and the ratio of h0 + L (depth to the water-repellent 
layer plus the depth of ponded water) to water entry pressure. 
Carrillo et al. (2000b) confirmed that an increase in this ratio 
is due to increasing thickness of the fingers for the high-WDPT 
(150 min at extreme SWR) treatment. More detailed informa-
tion is needed to reveal instability or finger f low development 
characteristics. Several broken fingers were observed in this 
research, whereas smooth and continuous fingers were observed 
in Carrillo et al. (2000a, 2000b). The difference in finger shapes 
between previous research and this study may be connected to 
changes in soil type and SWR persistence.
Wetting Area Variations and Relationships 
with Cumulative Infiltration
For all 10 treatments (averaged from three replicates), WA 
increased with increasing time (Fig. 4a). Since CI increased with 
time, WA also increased with the increasing CI (data were aver-
aged from three replicates, Fig. 4b). For CLWET and SLWET, 
Fig. 2. Temporal variations of cumulative infiltration (CI) and infiltrating rate (i) with error bars generated from the three replications for the 10 treat-
ments. See Table 2 for treatment abbreviation definitions.
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WA generally increased with CI almost linearly. For the three 
CLWR treatments, WA increased with CI exponentially. For the 
four CLWR treatments, WA increased slowly with the increase 
of CI, which may be due to more water moving through the 
finger f low paths, including some invisible wetting areas in the 
soils, implying that more water passed a limited soil area as the 
SWR persistence increased. However, in the CLWR4 treatment, 
WA was larger than the four water-repellent treatments of sandy 
loam. A universal power function was fitted between WA and CI 
for all the treatments with high R2 (>0.97, Table 3).
Carrillo et al. (2000b) also agreed that as time progressed, 
a larger fraction of area was wetted. Hardie et al. (2011) studied 
preferential flow in the texture-contrasting soils and indicated a 
decreased proportion of dye stained in soil along the vertical pro-
file. However, the quantitative relationship of CI and WA was 
seldom studied before. Our study investigated the changes of FL 
Fig. 3. Wetting front movement of three replicates of the 10 treatments for clay loam (CL) and sandy loam (SL) soils. The legends denote infiltration 
time (min). The darker the shade, the longer the infiltration time. See Table 2 for treatment abbreviation definitions. X is the horizontal axis and Z is 
the vertical axis.
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for two types of homogeneous water-repellent soils and quantita-
tively related CI to WA.
Finger Flow Characteristics
As shown in Fig. 2, a wide finger occurred in two replicates of 
CLWR4, and several fingers were observed in SLWR2, SLWR3, 
and SLWR4. To further investigate the effects of SWR on finger 
flow, the minimum, average, and maximum values (calculated first 
based on each finger and then averaged for all of the fingers occur-
ring in the same replication) of finger number, FL, FWh, SI, and DI 
for treatments CLWR4, SLWR2, SLWR3, and SLWR4 are given 
in Table 4. Finger parameters (from different replications of each 
treatment) varied with randomness but were still related to SWR 
persistence to a great extent for SLWR2, SLWR3, and SLWR4. 
In treatment SLWR4, the maximum FL reached the largest value 
of 45.7 cm, and FWh also reached the largest value of 4.0 cm. 
Although fingers were not universally connected, they were vis-
ible on both sides, indicating that they were connected through 
an inner pathway. As SWR persistence changed from strongly to 
extremely repellent for sandy loam, the minimum, average, and 
maximum values of FL and FWh consistently increased with the 
increase of SWR persistence, but the opposite occurred for FV. In 
contrast with sandy loam, fingers in clay loam were shorter and 
wider, and the SI was the lowest in the four treatments. The SI 
decreased from 17.1 to 12.3 as SWR persistence increased in treat-
ments SLWR2, SLWR3, and SLWR3. The higher the SI values, 
the narrower and longer the fingers, the lower the DI values, and 
thus the more uniform the finger flow distribution. Treatment 
SLWR2 had the narrowest and longest finger with the largest 
SI value. When comparing treatments SLWR2, SLWR3, and 
SLWR4, it was shown that more severely water-repellent soils had 
more finger numbers and caused more unevenly distributed fingers. 
Fig. 4. Curves of (a) wetting area (WA) variation with time and (b) cumulative infiltration (CI) ´ WA of the 10 treatments. Averages values for three 
replications were used, and error bars are indicated. See Table 2 for treatment abbreviation definitions.
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The CV values of SI and DI in the treatments SLWR2, SLWR3, 
and SLWR4 were 0.26 and 0.87, respectively. Both showed moder-
ate variability. The differences were significant between CLWR4 
and SLWR2 for finger number, FV, and SI, and the differences 
were also significant between SLWR3 and SLWR4 for finger 
number, FV, and SI, but the differences were generally insignificant 
for FWh and DI. Rye and Smettem (2017) researched the pref-
erential flow channels generated in uniform structure soils with 
three different SWR persistence values (low, medium and high 
repellency). Soil tanks were put in the fields to simulate the natural 
field condition and the wetting patterns after rainfall. They found 
that the maximum pathway depth of fingers in highly repellent 
soils (six fingers with 0.25–0.40 cm) was less than that of fingers in 
medium-repellent soils (six fingers with 0.12–0.25 cm). This result 
showed that higher SWR did not necessarily generate deeper flow 
pathways in field tanks. Both this research and Rye and Smettem 
(2017) showed that the SWR only partially contributes to finger 
flow development.
The parameter FWh was nearly constant; however, the 
parameter F L is distinctively representative in character-
izing finger f low. Therefore, it is necessary to compare the 
relationship between different finger-related parameters includ-
ing WA and FL. Figure 5 demonstrates the variations in FL vs. 
time and WA vs. FL for treatments CLWR4, SLWR2, SLWR3, 
and SLWR4. Consistent increase of FL with the increasing time 
and of WA with the increasing FL were observed. With the 
increasing SWR persistence, the increase of WA and FL could 
be correlated with time with a power function (Table 5). The 
FL and WA were described with a power function with 0.86 
< R2 < 0.99, which indicated that longer infiltration resulted 
in longer fingers. However, the increase of WA became slower 
with the infiltration progress. As the infiltration continued, 
the development of FL and WA was limited. Wang et al. (2018) 
found that this is more complex for layered water-repellent soils. 
There was certainly some quantitative relationship between FL 
and WA, but whether it is linear or not depends on the soil 
types and layered conditions.
Distribution of Volumetric Soil Water Content
Figure 6 illustrates qv distribution along the profiles for the 
10 treatments. For both soil textures, the ranges of qv tended 
to be narrower, and the average qv was smaller when the water-
repellent persistence increased. The qv decreased with increasing 
SWR persistence, which implied greater risk of producing runoff 
for severely SWR soils. For clay loam soils, qv was nonuniformly 
distributed because of the SWR and occurrence of fingers. In 
treatment CLWET, qv decreased with the soil depth regularly. 
However, in the other four water-repellent treatments, along with 
the unstable water movement, the distribution of qv was non-
uniform. For treatments SLWR2, SLWR3, and SLWR4, when 
finger f low occurred, the contours maps of qv agreed well with 
the wetting front shapes. Wallach and Jortzick (2008) found 
that the finger-like wetting fronts presented during point-source 
infiltration in the wettable and water-repellent sands exhibit soil 
moisture redistribution mainly in the vertical direction, leaving a 
wet region at the location of the plume tip where redistribution 
starts. Ritsema and Dekker (1994) reported that the wettest zone 
of fingers was at the top in the field soils. In this research, qv 
was higher in the central area near the finger top and decreased 
to the finger edge, especially in treatment CLWR4, which was 
Table 4. The characteristic parameters of finger number, finger length (FL), width of half finger length (FWh), finger front velocity (Fv), shape index 
(SI), and distributing index (DI) for the treatments of CLWR4, SLWR2, SLWR3 and SLWR4 (see Table 2 for treatment abbreviation definitions). No 
obvious fingers were observed for the other treatments. The statistical differences of the parameters between different treatments were analyzed with 
an ANOVA using the SPSS 17.0 at a significant level of 0.05.
Treatment Finger no.
FL FWh Fv
SI DIMin. Avg. Max. Min. Avg. Max. Min. Avg. Max.
———————————————— cm ———————————————— —————— cm min−1 ——————
CLWR4 1 ± 0b† – 29 ± 5.7a – – 15.2 ± 4a – 0.3 ± 0.1b 0.5 ± 0.2b 0.7 ± 0.2b 1.9 ± 0.1c –
SLWR2 2 ± 1ab 28 ± 4.2a 39 ± 11.2a 36 ± 2.8b 1.6 ± 0.4a 2.3 ± 0.7b 3.1 ± 1.2a 1 ± 0.3a 2.2 ± 0.5a 4.5 ± 1.8a 17.1 ± 2.2a 1.6 ± 0.8a
SLWR3 3 ± 1a 33.3 ± 5a 39.2 ± 2.2a 43.7 ± 1.2a 2.7 ± 0.8a 3.1 ± 0.6b 3.4 ± 0.5a 0.9 ± 0.3ab 2.2 ± 0.6a 4.4 ± 1.7a 12.5 ± 1b 1.9 ± 0.5a
SLWR4 3 ± 0a 38 ± 7.8a 41.9 ± 3.8a 45.7 ± 3.1a 3 ± 0.8a 3.5 ± 0.6b 4.0 ± 1.9a 0.6 ± 0.4ab 1.5 ± 0.6ab 2.6 ± 1.4ab 12.3 ± 2.3b 1.8 ± 0.8a
† If lowercase letters are the same, values are not statistically different.
Table 3. Relationship between wetting area (WA) and cumulative infil-
tration (CI) for the 10 treatments. All the correlations were significant 
at the 99% level.
Treatment† Equation R2
CLWET WA = 20CI1.07 0.996
CLWR1 WA = 6.7CI1.4 0.971
CLWR2 WA = 37.6CI1.04 0.993
CLWR3 WA = 12.1CI1.28 0.994
CLWR4 WA = 14.7CI1.67 0.985
SLWET WA = 11.2CI1.11 0.979
SLWR1 WA = 1.1CI1.04 0.992
SLWR2 WA = 44.8CI0.54 0.991
SLWR3 WA = 42.6CI0.43 0.980
SLWR4 WA = 155CI0.29 0.992
† See Table 2 for treatment abbreviation definitions.
VZJ | Advancing Critical Zone Science p. 9 of 12
different from Ritsema and Dekker (1994), and this may be due 
to differences in soil texture and SWR persistence.
Corresponding to Fig. 6, the maximum and CV values of qv 
(based on three replications) are presented in Table 6. The SEs were 
small. Generally, the qv displayed moderate variability. However, 
the variability of qv was not completely associated with SWR per-
sistence. For clay loam soil, CV value increased with the increasing 
water repellency persistence. In treatments CLWR4 and SLWR2 
with fingers, variability of qv was prominent, indicating that SWR 
and finger flow may have resulted in uneven water distribution.
Preferential finger flow commonly forms in water-repellent 
soils, either homogeneously textured or layered (Carrillo et al., 
2000a, 2000b; Wang et al., 2018). The unstable finger flow and the 
preferential paths lead to earlier arrival to groundwater and increased 
solute leaching (Larsson et al., 1999). Contamination of wastewater 
and pesticide would be accelerated when preferential flow occurs fre-
quently. Sandy loam soil, in spite of the same SWR persistence, had 
more defined effects on production of preferential flow paths than 
the clay loam soils. The coarser soil texture tended to generate finger 
flow more easily, as the wetting front was not as uniform as clay loam 
soils. The larger pores and the uneven microscopic distribution in 
coarser soils may lead to unstable soil water flow.
The CI, I, and WA (vs. time) were consistent for certain SWR 
persistence and soil texture conditions. The wetting front, finger-
related indices (FL, FWh, Fv, velocity of finger bottom, SI, and DI), 
and soil moisture showed more random variations in three replica-
tions. These results imply that more replications may be needed in 
future preferential flow research.
Fig. 5. The variation of finger length (FL) vs. time (t) and the relationship between cumulative area (WA) and finger length (FL) for the treatments 
CLWR4, SLWR2, SLWR3, and SLWR4 (see Table 2 for treatment abbreviation definitions) based on three replications.
Table 5. The fitted equations for wetting area (WA) vs. time (t), finger length (FL) vs. t, and WA vs. FL. All the correlations were significant at the 99% 
level.
Treatment† Equation R2 Equation R2 Equation R2
CLWR4 WA = 34.3t0.62 0.983 FL = 0.16t1.12 0.999 WA = 36.2FL0.79 0.994
SLWR2 WA = 38.4t0.55 0.998 FL = 1.45t1.06 0.992 WA = 14.9FL0.64 0.991
SLWR3 WA = 25.9t0.55 0.996 FL = 1.98t0.995 0.998 WA = 15.3FL0.57 0.990
SLWR4 WA = 66.0t0.36 0.998 FL = 1.36t0.99 0.989 WA = 44.0FL0.52 0.989
† See Table 2 for treatment abbreviation definitions.
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 6Conclusions
The infiltration, wetting front advances, and finger f low 
development in water-repellent clay loam and sandy loam soils 
behaved differently than in wettable soil equivalents. The CI 
decreased as the SWR persistence increased for both soil textures. 
The wetting fronts became more irregular and unstable as the 
SWR persistence increased. Finger f low occurred in extremely 
water-repellent clay loam and in strongly, severely, and extremely 
water-repellent sandy loam treatments. The finger flow properties 
(including FL, FWh, Fv, SI, and DI) varied when SWR persistence 
of soils changed. The SI and DI showed irregularity in finger devel-
opment patterns. The maximum values of SI and DI appeared in 
Fig. 6. Contour maps of soil water content (qv) for the 10 water-repellent treatments based on three replicates. X is the horizontal axis and Z is the 
vertical axis.
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strongly and extremely water-repellent sandy loam soils, indicat-
ing the most irregular fingers. The variations in the finger flow 
properties and the wetting front movement were obviously differ-
ent between wettable and water-repellent treatments. There were 
strong correlations between CI and WA. In the treatments where 
finger flow occurred (CLWR4, SLWR2, SLWR3, and SLWR4), 
the power function fit well between FL and WA. The maximum 
qv increased with the SWR persistence for clay loam soil. The qv 
variability was mostly moderate, but the variability coefficients 
of treatments for clay loam soils increased with the increase of 
SWR persistence. In conclusion, soil water movement and finger 
f low development were affected by SWR persistence; however, 
the effects of soil texture caused variability in finger flow devel-
opment. Finger flow development occurs more frequently in the 
water-repellent sandy loam soils than in water-repellent clay loam 
soils due to faster flow through coarser textured soil and less time 
for the breakdown of water repellency.
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